| INTRODUCTION
Right ventricular (RV) dysfunction is an important determinant of morbidity and mortality in various cardiovascular pathologies, especially those related to RV pressure-or volume overload. [1] [2] [3] However, early identification and characterization of a poorly adapting RV, and consequently RV failure, continues to be difficult.
Patients with pulmonary valvular stenosis (PS) and idiopathic pulmonary arterial hypertension (iPAH) both experience chronically increased RV systolic pressure, but the clinical course and natural history of these conditions differ vastly. 4, 5 While a large proportion of iPAH patients present with, or rapidly develop, symptomatic heart failure, 5, 6 PS patients are often asymptomatic or present with only mild exercise intolerance. 4 Moreover, mortality vastly differs between the groupshigh in iPAH and very low in PS. 4, 5 Although the duration and possibly character of increased RV pressure differs between the two conditions, the RV response also seems very different. A study by Jurcut et al. 7 demonstrated this difference in adult iPAH and PS patients, showing global RV dilation and decreased global RV free wall (RVFW) longitudinal deformation in iPAH vs PS patients. Although contraction is predominantly longitudinal in the normal RV; septal contraction, regional RVFW deformation, RVFW radial function, and septal-RVFW synchrony all contribute to RV performance. 8, 9 Thus, differences in radial function, septal deformation, regional RV remodeling and regional deformation may all contribute to differences in RV function, and consequently clinical outcome, of pediatric PS vs iPAH patients. However, these are incompletely characterized in children. Furthermore, comparing RV mechanics in these two clinically distinct patient groups may provide useful insights into the mechanisms of RV failure in pediatric patients with increased RV pressure, as well as imaging markers of RV dysfunction. 7 Accordingly, the aim of this study was to characterize regional and global RV remodeling and mechanics in children with PS compared to iPAH-to provide insights into mechanisms of RV maladaptation and potential imaging markers for identification of RV dysfunction.
| METHODS

| Study population
We retrospectively studied children with iPAH and PS, comparing them to healthy controls with similar age and BSA. The study population has previously been described in a paper on interventricular interaction and LV diastolic function. 10 Echocardiographic studies performed between 2006 and 2013 were included. The diagnosis of iPAH was established by right-heart catheterization with a mean pulmonary artery pressure ≥25 mm Hg, pulmonary capillary wedge pressure ≤15 mm Hg, and pulmonary vascular resistance of >3 Wood units. 11 All iPAH patients were on pulmonary vasodilator therapies.
Valvular PS patients were included if they had a peak pulmonary valve gradient of ≥36 mm Hg and did not have previous interventions or additional intracardiac abnormalities-with the exception of a small, hemodynamically insignificant atrial or ventricular septal defect. An electrocardiogram within 3 months from echocardiography was used to measure QRS duration and possible bundle branch block. Healthy controls served as a reference group for RV geometry and function. Controls were healthy volunteers or children evaluated for an innocent murmur with normal medical history, physical examination and echocardiography. The study was approved by the institutional research ethics board.
| Echocardiography
Two-dimensional echocardiographic measurements were made off line using commercially available software (SyngoDynamics; Siemens, Erlangen, Germany). Measurements were performed in accordance with pediatric guidelines. 12 Images were acquired at our institution with either Philips or GE ultrasound platforms. In PS patients, the echocardiogram closest to potential balloon valvuloplasty was analyzed (all but one patient subsequently underwent balloon angioplasty) to include the echocardiogram with the highest pulmonary valve gradient. As many iPAH patients were diagnosed prior to implementation of a functional echo protocol-we chose to include the first echocardiogram with full functional evaluation rather than the echocardiogram at time of right heart catheterization. Systemic blood pressure was measured manually at the time of echocardiography, placing the cuff on the right upper arm.
| Two-dimensional measurements
M-mode measurements of the RV and LV end-diastolic diameters were made at the level of the mitral valve leaflet tips. Z-scores were calculated using institutional reference values. Using the same M-mode registration, RVFW inward transverse displacement was measured and transverse shortening calculated ( Figure 1 ). RV fractional area change (FAC), tricuspid annular plane systolic excursion (TAPSE) and RV dimensions were measured from a focused apical four-chamber view. 12 To assess RV geometry, RV dimensions were measured at the apical, mid, and basal levels ( Figure 2 ). Right atrial (RA) area was measured at end RV systole and end RA systole.
| Blood flow and tissue Doppler imaging
Continuous-wave (CW) Doppler was used to measure maximal pulmonary valve flow velocities in systole and end-diastole. RVSP was estimated using the modified Bernoulli equation from tricuspid regurgitation CW Doppler. We did not add an assumed right atrial pressure to the RVSP. Many PS patients did not have tricuspid regurgitation.
The resistance the ventricle has to overcome during systole determines RVSP, we therefore used the maximal pulmonary valve gradient in these patients to estimate RVSP.
Pulsed-wave tissue Doppler imaging (TDI) at the basal RV free wall (RVFW), interventricular septum (IVS) and LV free wall (LVFW) were used to measure peak systolic (S′) and early diastolic (E′) tissue velocities and TDI-derived RV myocardial performance index.
| Speckle tracking analysis
A focused RV apical four-chamber view was used for speckle tracking strain analysis (Tomtec4.6, UnterSchleissheim, Germany). The RVFW and IVS endocardial borders were traced and adequate tracking visually confirmed ( Figure S1 ). If more than one segment did not track adequately the patient was excluded from analysis. The following parameters were measured for both regional and global IVS and RVFW strain: peak systolic longitudinal strain (peak deformation during ejection time, that is, before or at pulmonic valve closure), time to peak (TTP) and postsystolic shortening (PSS). Postsystolic shortening is defined as deformation continuing after pulmonic valve closure, calculated as (%)=([peak strain-peak systolic strain]/ peak strain)*100. 13 Time to pulmonic valve closure was determined using pulsed wave Doppler measurement in the RV outflow tractusing a cardiac cycle with an equivalent RR interval. All timing measurements were normalized for the RR interval, to allow comparisons between different heart rates.
| Reproducibility
Ten representative datasets were randomly selected for reproducibility measurements. The second analysis by the first observer was performed at least 1 month after the first measurement. Both observers were blinded to the prior results. The same cardiac cycle was used to perform reproducibility measurements.
| Statistical analysis
Distribution of the continuous variables was assessed using a combination of boxplot, normal probability plot, and Shapiro-Wilk test.
Normally distributed variables are represented as mean ±standard deviation and nonnormally distributed variables as median [range] .
Categorical variables are presented as a frequency (%) and were compared using chi-square test. Normally distributed continuous data of PS and PAH patients were compared to healthy controls using ANOVA with post hoc Dunnet's. Non-normally distributed data were compared using Mann-Whitney U test. To compare the imaging parameters between patient groups ANCOVA analysis was used, to adjust for covariates (RVSP and RV length) that possibly confound the association of patient group to the dependent variable. A bonferroni test was used for multiple comparisons. In other words, if the differences in outcome variables between patient groups are completely determined by differences in RVSP or RV length (for strain)-between group analysis with ANCOVA will yield a nonsignificant result. 13 As a rule of thumb at least 10 subjects are needed for each factor in a multivariable model. Using three factors: RVSP, diagnosis, and RV length, 30 subjects are needed for analysis. Correlation between 
| RESULTS
Patient characteristics are listed in Table 1 . There were no significant differences in age, BSA, or sex distribution between groups. iPAH patients had higher RVSP and RV:LV pressure ratio compared with PS. Therefore, we corrected all analyses for RVSP as described above. Right bundle branch block was present in none of the PS patients and in 2/18 (11%)
of the iPAH patients, mean QRS duration was respectively 84 vs 99 ms.
| General echocardiographic measurements
Children with iPAH had significantly more dilated RVs compared with healthy controls and children with PS (Table 2 ). Compared to controls, the RV apex in PS trended to be mildly dilated, but the normal triangular geometry was maintained ( Figure 2 ). In contrast, iPAH patients demonstrated spherical RV geometry with significantly higher mid:basal and apical:basal diameter ratio ( Figure 2 ). TAPSE and TDI S′ were decreased in both patient groups compared to controls (Table 2) but did not differ significantly between iPAH and PS ( Table 2) .
Measurements of diastolic function were worse in iPAH compared
to controls and PS including larger end-diastolic and end-systolic RA area, lower TV E/A ratio and lower TDI E′. TV E-and A-waves were fused in 1 PS and 3 iPAH patients ( Table 2) . RV E/E′ ratio was mildly higher in PS compared to controls and PH patients.
| RVFW transverse shortening
Absolute RVFW transverse displacement was increased in both PS and iPAH patients compared with healthy controls (PS P<.001 & PAH P=.07) and highest in PS patients (P=.046). However, the transverse shortening fraction was increased only in PS patients compared with controls (P<.001; Table 2 & Figure 1 ). In contrast, despite maintained transverse RVFW displacement, transverse shortening fraction was decreased or even reversed in iPAH (−1.62%±11.11%; P<.001) compared with controls and PS patients due to paradoxical leftward septal motion in RV systole.
| Longitudinal strain
Strain analysis was feasible in 44 of 52 subjects (85%). RVFW and IVS longitudinal strain were significantly reduced in iPAH patients compared with PS and controls, independent of RV length and RVSP ( Figure 3A ). That RVSP alone does not adequately explain the differences in longitudinal deformation is also evident in Figure 4 where at similar RVSP, longitudinal strain in iPAH is lower than PS. Moreover, the correlation between RVSP and RVFW, IVS and RV total strain is opposite in iPAH and PS ( Figure 4 ). Longitudinal deformation in PS increases with increasing RVSP whereas in iPAH patients it decreases F I G U R E 2 RV geometry. Mid and apical to basal ratios measured in the modified-RV apical four-chamber view. Continuous data were normally distributed and presented as mean±standard deviation. Patient groups are compared to controls using ANOVA with post hoc Dunnet's **P≤.01; *P≤.001. A=controls; B=pulmonary valve stenosis; C=idiopathic pulmonary arterial hypertension. RA=right atrium; RV=right ventricle; LV=left ventricle with increasing RVSP. RV total and RVFW longitudinal strain in PS patients were comparable to controls while IVS longitudinal strain trended to being mildly reduced vs controls (P=.062).
Regional RVFW strain is shown in Figure 3b . In healthy controls strain values were comparable in all segments. In both PS and iPAH patients apical RVFW strain was reduced compared with mid (iPAH & PS both P<.05) and basal segments (PS P<.01, iPAH not significant P=.06).
Postsystolic shortening was more frequent and of greater magnitude in iPAH patients compared to PS and controls (Table 3) . Furthermore, in controls and in PS, postsystolic shortening occurred almost exclusively at the basal segment, whereas in iPAH both the mid and basal segments were affected. In addition, there was significantly more RV 
| Reproducibility (Table 4)
Intra-and inter-observer reproducibility were good for strain measurements and RVFW transverse displacement and fractional shortening.
RV apical: basal and mid: basal diameter ratio had good intra-observer, but poor inter-observer agreement.
| DISCUSSION
The current study assessed the effect of RV pressure overload on global and regional right ventricular remodeling and function, comparing two distinct patient groups. Our results show that (1) global RV dilation and RV systolic dysfunction in iPAH patients is characterized by: spherical geometry, apical remodeling, and dysfunction, decreased longitudinal deformation of both IVS and RVFW and highly inefficient RV kinetics-as evidenced by increased postsystolic shortening and increased IVS-RVFW discoordination-compared to PS and controls.
(2) In contrast, PS patients maintain near-normal RV geometry, normal RV cavity size and normal global systolic function. Nevertheless, they also exhibit mild apical remodeling with a corresponding decrease in 
| RV regional remodeling and function
In both PS and iPAH, the RV has to generate a higher RV systolic pressure to eject blood. Higher RV systolic pressure increases RV systolic wall stress-which leads to RV hypertrophy in an attempt to reduce wall stress. If the reduction of wall stress is insufficient-RV dysfunction and dilation will eventually ensue. The RV in iPAH is markedly dilated, and moreover, remodels to a spherical shape, with the most pronounced dilation at the apex. Conversely, although PS patients have mild apical remodeling, they do not exhibit global RV dilation or increased sphericity.
This suggests that the RV in PS is adapted better to increased pressure loading and possibly has reduced wall stress compared to iPAH. T A B L E 2 Basic echocardiographic measurements may account for these differences: RV remodeling and maladaptation is present in iPAH, but not in PS, with progressive dilation. 19 Secondly, more tricuspid regurgitation in iPAH patients may contribute to RV dilatation and decreased deformation. 20 Lastly, higher end-systolic wall stress may occur in iPAH vs PS, akin to higher LV end-systolic wall stress reported in aortic coarctation vs valvar aortic stenosis. 21 Analysis of regional RVFW longitudinal deformation shows that apical RVFW longitudinal deformation is decreased in both conditions. This can be explained by apical remodeling in both groups, which-following Laplace's law-will lead to higher regional wall stress and in turn decreased regional deformation. As the volume of the RV apex is proportionally increased, apical remodeling and dysfunction may be an important determinant of RV function and reduced cardiac output. Both our group and Dambrauskaite et al. [21] [22] [23] have previously shown that apical strain is related to disease severity in iPAH. Furthermore, Fernandez-Friera et al. 24 demonstrated reduced apical RV ejection fraction-by magnetic resonance imaging-in adult iPAH patients. As apical remodeling and decreased longitudinal deformation were also found in PS-with normal global systolic RV function-it might be a sensitive echocardiographic marker of RV dysfunction.
| Transverse RV free wall motion and septal deformation
Reduced longitudinal deformation should ideally be compensated by a commensurate increase in circumferential deformation or transverse function to maintain adequate cardiac output. 9 We assessed this by M-mode, using the RV transverse fractional shortening fraction. In F I G U R E 3 A. Differences in global strain between patient groups. Patient groups were compared to controls using ANCOVA and Bonferroni correction with right ventricular (RV) length as covariate.
They were compared to each other using RV length and RV systolic pressure (RVSP) as covariates. *P<.001 and **P<.01. B. Regional strain differences within patient groups. Differences in regional longitudinal strain within each group were assessed using a paired t test; *P<.001. RVFW=right ventricular free wall; IVS=interventricular septum; PS=pulmonary valve stenosis; iPAH=idiopathic pulmonary arterial hypertension
F I G U R E 4 Longitudinal strain vs RV systolic pressure (RVSP).
Longitudinal strain of each individual patient plotted against RVSP, healthy controls in black, pulmonary stenosis (PS) patients in red and idiopathic pulmonary arterial hypertension (iPAH) in green. The squared correlation coefficient (R 2 ) for RV free wall (RVFW), interventricular septum (IVS) and total right ventricular (RV) strain vs RVSP was calculated in PS and iPAH patients. Top: RVFW strain, middle: IVS strain and bottom: RV total PS patients, this measurements was increased, but in iPAH severely decreased, and even paradoxical, compared to controls. Therefore, it seems this compensatory mechanism fails in iPAH patients, possibly contributing to RV dysfunction and failure. Transverse RV function was previously related to survival in iPAH by Kind et al. 26 It is important to note that the transverse inward RVFW movement itself trended towards being increased in iPAH patients vs controls and decreased transverse shortening is instead related to the paradoxical leftward IVS displacement, caused by an adverse septal gradient during prolonged RV free wall shortening. 14 This displacement interferes with efficiency of RV ejection and LV function. 25 Transverse RV fractional shortening could be a simple and easily quantifiable imaging marker for evaluation of RV performance, in addition to conventional measures. Its relation to parameters of global RV systolic function, such as RV ejection fraction, and intertest variability need to be further investigated before implementing this measure in clinical practice.
Besides RVFW longitudinal and transverse function, septal deformation and LV contraction contribute to RV ejection. 8, 14, 26 Longitudinal deformation of the IVS is decreased in pediatric iPAH patients compared to controls and PS, whereas it is maintained in PS patients. Furthermore, iPAH patients show a greater dispersion between IVS and RVFW time to peak systolic deformation, resulting in discoordinated RV contraction (ie, dyssynchrony). 27 Prolonged RVFW time to peak and RVFW-IVS delay may be an effect of electromechanical delay-as demonstrated in tetralogy patients-mechanical delay or both. While QRS duration was mildly increased in iPAH patients vs PS patients, right bundle branch block was infrequent in our iPAH patients. As the difference in time to peak RVFW deformation was >60 ms between iPAH patients and PS patients or controls, delayed time to RVFW peak and intra-RV delay seem mainly related to mechanical delay in our iPAH cohort. Together with postsystolic shortening and regional dysfunction, this leads to highly inefficient RV contraction.
| Pathophysiology
Adverse RV mechanics in iPAH vs PS reflects either faster progression to RV failure in pediatric iPAH patients, a different RV response to pressure load or a combination of both. Our study design cannot determine these pathophysiological mechanisms and further research is clearly needed. However, there are theoretical considerations that might explain the observed differences. Firstly, as discussed above, characteristics of the RV afterload might differ between iPAH and PS. Total RV work is a composite of multiple factors and depends on the properties of the proximal and distal pulmonary vasculature.
These properties include pulmonary vascular resistance, compliance, and pressure wave reflection. These are worse in iPAH, leading to increased RV load. 1, 28 Secondly, the RV response to its given afterload might differ. In PS the RV faces increased pressure load from fetal or early postnatal life.
In contrast, in pediatric iPAH postnatal adaptation to low pulmonary resistance has likely already occurred, as many of our results are similar to the results of Jurcut et al. 7 in adult patients. The RV encounters increased workload after the neonatal period, requiring adaptation to higher afterload over a much shorter time span. 29 Related molecular differences may determine RV adaption to increased pressure load, which is supported by the usually better RV function seen in Eisenmenger syndrome. 30 Moreover, factors such as RV myocardial
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Number of pts with PSS (%) T A B L E 3 Longitudinal strain analysis ischemia and deranged RV metabolism are likely more prominent in iPAH vs PS. 31 These factors contribute to RV dilation, wall stress, and fibrosis and ultimately worsen oxygen demand/supply mismatch. 31 Fibrosis in itself may differ between the two conditions, as it relates to ventricular compliance and diastolic function, which in our study was largely maintained in PS but impaired in iPAH. 
| Clinical implications
Although pulmonary vasodilators have improved survival in iPAH, in many patients the disease progresses and survival depends on RV (dys)function. 33 Thus far, drug treatment in iPAH has been mainly aimed at lowering pulmonary vascular resistance, thereby improving RV function. However, early identification of RV maladaptation and failure remains a challenge. Therefore, early detection and evaluation of RV (apical) dilation, systolic and diastolic dysfunction, increased postsystolic shortening and decreased transverse shortening may identify patients with poorly adapted RVs who are at higher risk of RV failure and death. These parameters should therefore be further assessed in future studies.
| Limitations
This was a retrospective study in a relatively small sample with inherent limitations, as some measurements could not be reliably performed (ie, degree of hypertrophy). Nonetheless, all measurements of systolic RV function were available and differences were highly significant between groups. We used echocardiographic estimates of RVSP and not invasive measurements, as the latter were not routinely available within -and form the very basis for this study-we could not evaluate functional capacity.
| CONCLUSION
In conclusion, children with iPAH demonstrate adverse RV remodeling and mechanics compared to children with PS. This may explain the markedly different natural history and clinical presentation and reflects either a faster progression of RV disease and/or a difference in RV adaptation. In this study, we highlight several mechanisms of RV maladaptation in pediatric iPAH patients that, although potentially applicable in clinical practice, are not routinely used or largely overlooked. These include: postsystolic shortening, apical remodeling, regional strain differences, decreased transverse shortening, and diastolic dysfunction. Our results form the basis for further investigation of these parameters as markers of RV failure, to identify children at risk of adverse outcome in congenital heart disease and iPAH. 
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